Abstract. Photothermal therapy (PTT) involves the application of normally benign light wavelengths in combination with efficient photothermal (PT) agents that convert the absorbed light to heat to ablate selected cancers. The major challenge in PTT is the ability to confine heating and thus direct cellular death to precisely where PT agents are located. The dominant strategy in the field has been to create large libraries of PT agents with increased absorption capabilities and to enhance their delivery and accumulation to achieve sufficiently high concentrations in the tissue targets of interest. While the challenge of material confinement is important for achieving "heat and lethality confinement," this review article suggests another key prospective strategy to make this goal a reality. In this approach, equal emphasis is placed on selecting parameters of light exposure, including wavelength, duration, power density, and total power supplied, based on the intrinsic properties and geometry of tissue targets that influence heat dissipation, to truly achieve heat confinement. This review highlights significant milestones researchers have achieved, as well as examples that suggest future research directions, in this promising technique, as it becomes more relevant in clinical cancer therapy and other noncancer applications.
Introduction
Cancer, characterized by uncontrolled cellular growth, is one of the leading causes of death in the United States.
1 Nearly 1.7 million newly diagnosed cases of cancer were reported in 2015, of which about 35% of affected patients died from the disease. 2 Since cancer incidence rates track closely with our growing aging population, these numbers are expected to continue to increase in the future. Cancer is not just one disease; it is extremely complex and can be found in many forms. Through continuous and enormous effort, we have gained a better understanding of cancer, although there is still much we do not know. What is clear is that cancer treatments almost universally require a multipronged approach to improve overall disease prognosis. [3] [4] [5] Currently, the primary prong of cancer therapy is surgery, which is often complemented by the subprongs of chemo 6 and radiation therapy 7 to bolster effectiveness. Nevertheless, resistance to treatment often leads to cancer recurrence, especially in the cases of certain malignant cancers. 8 Additionally, the highly invasive nature, limited indication and success, substantial cost, and pain of surgery, as well as potential complications with expected and unexpected side-effects of adjuvant therapies, all lead to reduced quality of life and reduced life expectancy for surviving patients. [9] [10] [11] Photothermal therapy (PTT) has recently emerged as a potential area of promise for this multipronged approach to cancer therapy. [12] [13] [14] [15] [16] In PTT, the core concept is to apply otherwise benign near-infrared (NIR) light that can reach several centimeters beneath the skin surface 17 in combination with highly efficient photothermal (PT) agents placed noninvasively within tissues to create hypothermia to damage cancers only where the agents are placed, offering unprecedented safety, specificity, and selectivity in eradicating cancer.
Historically, hyperthermia through heating has proven to be extremely effective in inducing damage, especially to biological tissues. 18 In general, there is a time-temperature-dependent relationship such that the higher the temperature, the more rapidly the tissues become damaged, with the likelihood of damage exponentially doubling above 43°C. 19 In tumors, the capacity for heat dissipation is significantly reduced due to the tortuous blood vessel network the cancers form, making them even more susceptible to thermal treatments. 20 Despite this difference, care must be taken to precisely define where the heating occurs so that the surrounding healthy tissue is not accidentally damaged in the heating process. This concept is called heat confinement and is often not achievable with traditional heating methods. 21 Light-induced heating with the aid of PT agents has the advantage of affording more control over where the selected tissue heating occurs. However, the general drawback of poor tissue penetration-depth in light-based biological applications still must be overcome. Thus, the overall problem of selectively delivering heat to, and confining it within tissues, is one of the major challenges of PTT.
In order to achieve light-induced heat confinement, highly efficient PT agents must first be sequestered inside the tumor at sufficient concentrations to absorb the deep-penetrating NIR light. Early incarnations of PTT involved the direct injection of concentrated mixtures of PT agents into tumor xenografts followed by continuous and long-term exposure to high-powered lasers. 13, 15, 22 These initial outcomes often caused nonselective and uncontrolled heating to extreme temperatures, not unlike that of direct heating methods. These treatments resulted in immediate cellular death of both cancerous and noncancerous tissues in the exposed regions. The mechanism of damage was that of well-known tissue hyperthermia, dominated by necrosis accompanied by irreparable denaturation of proteins and other biological macromolecules. 23 While some of these proof-of-concept models demonstrated the ability of PTT to reduce tumor volume or prolong the survival of treated animals, 24 clinically, they are generally not feasible or practical. Additionally, as is usually the case with introducing any foreign substance into biological systems, it is also important to mitigate any potential toxicity associated with these exogenous agents. 25, 26 This will be no easy feat and will likely require careful consideration of the multifactorial interactions between diverse and complex disease states found in cancer biology with the various engineered nanomedicine platforms delivering the cancer therapies. Thus, the delivery of PTT agents to the desired targets of interest is a second major challenge.
This review focuses on the current state of development of this promising technology over many years, its recent advances, as well as obstacles that must still be overcome (Fig. 1) . We begin by introducing the theory behind the PT conversion process and examining examples where the PT effect was successfully applied toward heating of naturally existing pigments. In this context, the principle of selective photothermolysis (SPT) is presented, where specific parameters of light exposure are chosen based on the size and geometry of biological targets of interest to achieve heat confinement in pigmented tissues. We propose this principle as a strategy to potentially achieve more selective light-induced heat confinement in PTT. Some of the leading, highly efficient, man-made PT agents that enable this technique are then summarized, although we opted to take a succinct approach due to the vast amount of research published on this topic. We also briefly comment on the potential sources of toxicity of popular PT agents as well as strategies that have been employed to address these concerns. In Sec. 4, we expand on the topic of drug delivery and provide an overview of cases, in which the PT effect was leveraged synergistically with diagnostic or other therapeutic agents, to garner theranostic or multimodal therapeutic nanomedicine platforms, respectively, for cancer therapy. Finally, we speculate on critical avenues for further research and development that could make this technique more clinically relevant.
Light Tissue Interactions
The interaction of light with matter is extremely complex. [27] [28] [29] [30] [31] In general, when light impinges on matter, it interacts with the electromagnetic field of the atoms in the material and as a result, many complex phenomena occur. The interaction depends on important factors such as the wavelength and power density of light, but just as importantly, it depends on the properties of the interacting species itself. Different species can reflect, diffract, polarize, absorb, and disperse light. Additionally, many complex nonlinear optical effects may occur. 30 Nevertheless, in describing the PT effect, especially in diffuse anisotropic media such as biological tissue, many of these observed phenomena can be categorized as absorption or scattering. 32, 33 Simplistically, absorption describes the amount of incident energy that is captured, whereas scattering describes any energy that is not. [33] [34] [35] Absorption can be further distinguished into absorption by the target species or by unwanted species. Light that is competitively absorbed or scattered is said to be attenuated or reduced in intensity. Additionally, depending on the PT absorber, not all of the electromagnetic energy may be converted to heat. For example, instead it could be used to drive chemical reactions in applications such as photodynamic therapy (PDT). 36, 37 Absorbed light may also be re-emitted as another wavelength of light, e.g., fluorescence. 38, 39 Good PT agents will not only capture a large percentage of the incident light, but also effectively transform it into heat, and are said to have high PT conversion efficiencies. [40] [41] [42] The most commonly used model to describe absorption is the Beer-Lambert law 43 E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 2 ; 3 2 6 ; 5 7 6 A λ ¼ εcl;
where A λ is the absorption [optical density (OD)] of the material at wavelength λ, ε is the molar extinction coefficient, c is the molar concentration, and l is the path length that the light travels through the absorbing medium. The Beer-Lambert law is quite accurate in describing light-matter phenomenon in cuvette settings, 44 although actual observed behavior starts to deviate from this law if any major assumptions are not met. Unfortunately, biological tissue is one such medium. It contains several nonindependently absorbing pigmented species that may competitively absorb incident light in the highly inhomogeneous and turbid tissue environment. 45, 46 Therefore, the expected trends defined by this equation should serve only as a general reference when assessing absorbers for PT applications.
Biological Optical Window
One of the biggest limitations in light-based biological applications is penetration depth. [47] [48] [49] The strongest naturally existing species contributing to light attenuation by surface tissues are melanin, hemoglobin, and water. 50 Melanin is a pigmented protein produced by melanocytes concentrated in the basal layer of the epidermis. Melanin has a local absorption maximum around 350 nm that decreases gradually progressing into the visible wavelengths of the electromagnetic spectra and beyond. 51 As a result, longer wavelengths of light can penetrate deeper into tissues. The amount of melanin in skin varies across different populations of people and increases with sun exposure. 52 Melanin content in skin is typically classified by the Fitzpatrick scale of skin colors, with level I being very pale through level VI being very dark. 53, 54 In all skin types, some of the penetrating light energy is absorbed by melanin. In darker skin types, melanin is present in significantly higher concentrations so even longer light wavelengths will have difficulty penetrating beyond the epidermis. 43, 44 Like melanin, hemoglobin also exhibits large absorptions at longer wavelengths, with a sharp drop at ∼600 nm for both the oxygenated and deoxygenated forms. 55 Dragan and Geddes 56 measured the absorption of whole human blood sandwiched between two glass slides and found that at 800 nm, the absorption of a 1-mm-thick sample, which could be representative of a small blood vessel, was 0.5 OD. Described in terms of the BeerLambert law, this OD means that nearly 70% of incident light is absorbed. Fortunately, hemoglobin's contribution to light attenuation is more variable than melanin's, since its absorption is dictated by the size and number of blood vessels, which, generally, are distributed nonhomogenously in any given tissue.
Thus, it appears that longer wavelengths of light beyond 600 nm would be preferred for transcutaneous biological applications. However, there exists an upper limit of around 1000 nm, where another strongly absorbing "pigment," water 57 can significantly limit light penetration into tissue. Since human epidermis is on average 64.6% water, 58, 59 in addition to being the primary harbinger of melanin, it is the largest barrier of entry for light in the infrared regime of the EM spectrum. Because of this, techniques that have shown promise in achieving heat confinement, such as laser interstitial thermal therapy, a minimally invasive, contrast-agent-free, laser PT technique that relies on absorption of water-resonant wavelengths of light by the water molecules in tissue to directly ablate benign and malignant lesions, requires the percutaneous insertion of a fiber-optic catheter directly into tissues to bypass the skin barrier to achieve therapeutic efficacy. 60 It would be desirable to be able to use wavelengths of light that can more readily bypass the optical skin barrier. Incidentally, when the absorption profiles of melanin, hemoglobin, and water are overlaid, a region of minimal absorption between 600 and 1000 nm emerges. This range of wavelengths is commonly referred to as the biological optical window (Fig. 2) . 61, 62 Light in the middle of this near-infrared (NIR) region (around 800 nm) can penetrate through skin and up to several centimeters into tissue, 17 making NIR absorbing species especially attractive for transcutaneous PT applications. (8) of PT applications in the tangential field of cosmetics. PT targeting of melanin, in the form of laser hair removal, 64, 65 and PT targeting of hemoglobin, in the treatment of port-wine stains 66 and varicose veins, 67, 68 and have been widely and successfully applied in the clinic for decades. These applications take advantage of the fact that in biological structures such as hair follicles and blood vessels, there is a locally higher concentration of melanin and hemoglobin, respectively, than is present within surrounding tissues. If the targeted structure absorbs the defined wavelength at least twice as much as its immediate surroundings, it is possible to selectively heat the target structure to damage it by optimizing the way in which light energy is applied to achieve heat confinement. Cooling of the skin surface can help to counteract some of the heating of the melanin, especially in darker skin types, to allow for the preservation of the sensitive dividing epidermal cells in the basal skin layer, while the deeper hair shafts are heated much more, relatively. In general, for transcutaneous applications, the higher the difference in absorption between the target structures and the surrounding tissues, including the skin, the easier it is to achieve heat confinement. This process, first proposed by Anderson, 69, 70 is known as SPT. In SPT, light is applied in a controlled pulsatile manner over a large region. Here, the strongly absorbing target structure will heat up much more than surrounding less-absorbing structures. The time it takes for the target structure to exponentially decay from the maximum temperature reached is described by the thermal relaxation time τ R , which is dictated primarily by the size, geometry, and local density of the target structures. A core concept in SPT is to apply short, repeated bursts of light energy absorbed preferentially by the target structures before heat can dissipate or diffuse to adjacent tissues (relaxation), resulting in the continual build-up of heat, thereby creating a selectiveheating effect. The overall exposure time should be less than the thermal relaxation time of the target structure to ensure that the surrounding areas experience only mild temperature elevations. Another caveat is that pulses must not be too short in order to avoid any cavitation effects which may be induced by the high powers achieved as a result of the short pulses. 71 Heat transfer within tissues is governed by intrinsic properties of tissue such as thermal diffusivity, which is on the order of 10 −3 cm 2 ∕s. Approximating this term to be the same for both the target and its surroundings, Anderson and Parrish 69 calculated the τ R for spherical targets with a wide range of sizes. For example, a spherical structure 1 mm in diameter has a τ R of 0.3 s. By taking into consideration other intrinsic properties of tissue such as density and specific heat, appropriate powers and durations of light exposure could be calculated for SPT of target structures of various shapes and sizes (Fig. 2) . 70 Altshuler et al. later expanded on this theory and proposed that due to the inexactness of the estimates, in practice, a buffer zone slightly larger than the absorbing structure should be defined with a threshold temperature set at this boundary that should not be exceeded. These engineering principles formed the foundation and continued to serve as the guiding principles for the development of laser-based cosmetic technologies. 72 Although SPT applied toward endogenous species does not overcome the problem of penetration depth, the unique ability to confine heat to specific targetable pigmented structures, while sparing the surrounding tissue, could prove extremely powerful in the context of practical PTT. In the case of PT heating of exogenous species, the major advantage, and challenge, is that one could create an absorbing structure by virtue of where the PT absorber is introduced. If we examine the optical aspects and apply the principles of SPT theory toward PTT, we find that in the majority of demonstrations of PTT, heating is rarely confined. Researchers typically continuously expose target regions to high laser powers, resulting in uncontrolled damage leading to necrosis of the treated region and beyond. 73 Instead, we might propose that the thermal relaxation time could be estimated for different sized target tumors or metastases to determine the optimum parameters that should be used to limit the extent of PT heating and improve the specificity of PTT. Extending Anderson's calculations further, spherical structures 2 and 3 cm in diameter would have τ R of ∼2 and 5 min, respectively (Fig. 2) . SPT for structures of any larger sizes may not be as applicable since rarely do tumors studied in a research setting exceed this size, and tumors of this size are likely to be resected clinically. 74 We have found examples in the literature where researchers have carefully considered how light is best applied based on the geometry of the target structures in order to maximize the specificity of the light-based application. 5, 16, 72, 75, 76 Furthermore, our own research lab is attempting to leverage this phenomenon in the context of liposuction to modulate heating of adipose tissues to aid in their removal by plastic surgeons. 72 
Photothermal Materials Platforms
Ultimately, the SPT of tumors is enabled by the large differential light absorption between the target and the surrounding tissues. To that end, in this section, we briefly summarize some of the leading man-made PT agents that have been applied for PTT.
Exogenous Agents for Photothermal Therapy
Many candidates have been explored for the PT killing of cancer both in vitro and in vivo (Fig. 3) , with varying degrees of success. Arguably, the most widely applied class of PT agents is gold-based nanostructures, whose synthesis, characterization, standardization, and diverse properties have been extensively studied. [77] [78] [79] [80] [81] [82] [83] The mechanism of light-to-heat conversion is a localized form of surface plasmon resonance (LSPR). 84 This process is extremely efficient, and as a result, these materials exhibit one of the highest extinction coefficients reported, 85, 86 on the order of 10 9 M −1 cm −1 . Since the absorbing LSPR peak and PT conversion efficiency are strongly dependent upon the geometry of the nanostructure, 87 researchers have engineered gold nanoparticles of many shapes and sizes to absorb preferentially within the biological window regime for PTT.
The simplest of all the geometries is probably the solid gold spherical nanoparticle. Around the early 2000s, the El-Sayed group synthesized and studied the plasmonic properties of solid gold nanospheres and found that although they were able to control the particle's LSPR peak by tuning its size, the peak was still less than 600 nm, 88 making it not practical as a candidate for PTT. To overcome this limitation, the group investigated the plasmonic properties of gold nanorods (AuNRs) and found that the anisotropic geometry of these nanostructures resulted in the establishment of a second LSPR peak corresponding to the longitudinal direction of the elongated rod-like structure. 12 Simulations suggested that by varying the aspect ratio of the nanorods, the LSPR peak could be precisely tuned to absorb a wide range of wavelengths in the NIR regime. 89 It took several years for a reproducible technique to synthesize AuNRs to be developed, 90 and several more years before AuNRs were applied for PTT in an in vivo setting. 13 In this study, Dickerson et al.
demonstrated the ability of plasmonic PTT to treat cancer in a squamous cell carcinoma xenograft model. The authors injected AuNRs either intratumorally (IT; 15 μL, OD λ¼800 ¼ 40) or intravenously (IV; 100 μL, OD λ¼800 ¼ 120) followed by 10 min of laser exposure and compared the outcome to a negative saline control. Both procedures outperformed the control with the authors observing a >57% tumor resorption for the IT-injected group versus 25% for the IV-injected group. However, the IV injected group, which likely relied on passive accumulation via the enhanced permeation and retention (EPR) effect 91 for delivery, required 20 times more AuNRs in combination with a laser power density almost double that of the intratumorally injected group, yet resulted in less tumor destruction (25% versus 57%, respectively). 13 This is not surprising, given that a recent analysis of the literature found that in less than 1% of the time did injected nanoparticles successfully penetrate solid tumors. 92 Around the same time, the Halas and West groups utilized a slightly different approach to engineer gold nanoparticles which could absorb in the NIR regime in the form of gold nanoshells (AuNSs). AuNS are created by depositing a thin layer of gold on a dielectric nanoparticle substrate, most commonly, silica. 93, 94 Similar to nanorods, the LSPR peak of nanoshells could be controlled by tuning the thickness of the shell, with the absorption maxima of thinner shells more red-shifted than thicker shells. 95 Hirsch et al. 15 applied these 100-nm gold-silica nanoshells in an in vitro and in vivo setting for plasmonic PTT. In the in vitro study, the authors incubated human breast epithelial carcinoma cells in a serum-free medium containing 4.4 × 10 9 PEGylated nanoshells per milliliter. After 1 h, nanoshells were rinsed away and a coherent NIR light source at 820 nm, 35 W∕cm 2 was used to irradiate the cells for 7 min to induce PT damage. Compared to the area treated with the laser in the absence of nanoshells, the photothermally treated regions saw significantly more cell death. For the in vivo demonstration of PTT, 20 to 50 μL of gold-silica nanoshells were intratumorally injected 5 mm into the tumor volume and subsequently exposed to 820 nm light at 4 W∕cm 2 at a 5-mm spot diameter for up to Fig. 3 Examples of photosensitizers applied for PTT: (a) graphene, 109 (b) indocyanine green-loaded polymer nanoparticles, 169 (c) melanin-HSA nanoparticles, 129 (d) gold nanorods, 101 (e) multiwalled carbon nanotubes, 76 (f) gold nanocages, 101 (g) gold nanostars, 100 (h) gold nanoshells, 93 and (i) MoS 2 nanoplates. 183 (8) 6 min. The authors observed temperature elevations of 37.4°C AE 6.6°C within 4 to 6 min of light exposure which induced irreversible damage to the tumor. However, examination of the thermal profiles as a function of depth revealed that the maximum temperature elevation was found at just 1 mm below the skin surface, even though the nanoshells were injected 5 mm deep into the tumor. 15 It is likely that the AuNSs were distributed throughout the injection site, so PT ablation of the surface tissues with the high powers applied may have created a carbonaceous layer which would have exacerbated light attenuation as the PT treatment proceeded. 22 Many more PT agents with large effective absorptions have been developed, albeit they faced many of the same challenges described above. In terms of plasmonic PT agents, additional nanostructures with exotic geometries have been synthesized and studied, including gold nanocubes, nanotetrahedron, and nanoicosahedrons, 96 nanocages, 97 nanostars, 44,98-100 and nanohexatripods. 101 Nongold-based plasmonic nanostructures such as quantum dots, 102 porous palladium nanoparticles, 103 and silver nanoparticles 104 have also been developed for plasmonic PTT. In addition to plasmonic PT nanomaterials, carbon-based agents such as single-walled 105 and multiwalled 76, 106 carbon nanotubes, 107 and graphene sheets, [108] [109] [110] [111] which rely on the vibration of excited, delocalized sp 2 electrons in the lattice of the carbon structure for heat generation, 76 have also been developed. Various small-molecule organic dyes absorbing in the NIR window such as indocyanine green (ICG), 22 cypate, 112, 113 and porphyrins, 114, 115 have also been applied for PTT. In the case of these agents, various engineered nanostructures, such as micelles 14, [116] [117] [118] [119] [120] [121] and biopolymer-based nanoparticles, 38, 122, 123 need to be employed to prolong the residence time of the agents to make them applicable for PTT, because they are prone to photobleaching 124 and are rapidly cleared from the body. 125 Sometimes, the polymer particles themselves can be applied directly as PT agents, as is the case with the conducting polymer, polypyrrole. 84, 126, 127 Other creative researchers have even engineered melanin-loaded polymeric nanoparticles for use in PTT. 128, 129 The plethora of existing agents that have been reported can attest to the incredible amount of research effort dedicated to this topic. Unfortunately, there is inherent variability between different PT platforms relating to their intrinsic properties such as their extinction coefficients and PT conversion efficiencies, which are useful for determining the absorption cross section of the agent used. 130 However, additional factors such as the wide range of laser parameters and the diverse cancer models used must be considered just as carefully. As a result, a comparison between different PT agent platforms, or even across the same PT agent platform 81 is difficult, and does not yield meaningful conclusions (Table 1) . For this reason, we opted to abstain from summarizing these studies in detail. Instead, we chose to highlight a few key milestone examples, as well as some trends in the development of this technique in Table 1 , some of which we have already discussed above.
Systemic Toxicity and the Challenge of Delivery
Although unique agents are still being reported today, one issue that has persisted is the delivery of PT agents. PTT involving intratumoral (IT) routes of administration are still consistently outperforming intravenous (IV) ones. The necessity for direct injection into tumors can be problematic because of size, location, and the need to visualize the tumor and its borders with costly equipment, often in an operating or procedural room setting. Unfortunately, IV injection of PT agents, in addition to suffering from the disadvantage of poor accumulation in target tissues, also poses the potential problem of systemic toxicity. Recently, del Rosal et al. 131 reported on the application of NdVO 4 nanocrystals (NCs) for PTT. The authors observed an absorption cross section of 2.0 × 10 −19 cm 2 , which was eight orders of magnitude lower than gold's reported absorption cross section 85 of 2.93 × 10 −11 cm 2 . As a result, much more NCs were needed to achieve the desired absorption. The authors injected the NCs intratumorally at a concentration nearly 2000 times the maximum amount that they showed to be safe in vitro in order to achieve minimal PT heating that was only slightly more (∼8°C) than the laser-alone group after 4 min of laser exposure. If the IT injected amount was diluted by the whole blood volume of the animal, which would be the case if the agent had been injected IV, the concentrations reached would still be an order of magnitude above the documented safety threshold shown by the authors. We then have to consider whether the PT agent itself could induce acute toxicity, not to mention the challenge associated with administering such a large amount of material. Ultimately, the general determining factor for toxicity of foreign agents is whether the concentrations injected are above the known acceptable thresholds for the therapeutic agents in question. 26 This means that PT agents with high absorptions but a low toxicity threshold could exhibit concerns, as well.
In general, one of the biggest concerns of nanoparticles is the fate of the nanoparticles after it is introduced into the body. [25] [26] 132 Ideally, injected NPs, especially those of an inorganic nature, should be renally cleared, which means that their hydrodynamic radii need to be less than 5.5 nm. [133] [134] [135] [136] For this reason, the majority of IV injected inorganic nanoparticles are not approved by the FDA for systemic use clinically. 134 Unfortunately, almost all of the useful inorganic nanoparticlebased PT agents studied are above this accepted size range. When Sonavane et al. 137 investigated the biodistribution of gold nanoparticles of a broad size range (15 up to 200 nm), they found that 15 and 50 nm NPs were able to penetrate the blood brain barrier in mice. This result is alarming since the majority of gold nanoparticles used for PTT are in this size regime. 138 Nevertheless, some studies have shown that gold nanoparticles induced no acute toxicity when uptaken by human cells. 139 The geometry of nanoparticles may also influence their biodistribution. Black et al. 140 investigated biodistribution of gold nanostructures with varying shapes and found that AuNRs and cages were distributed throughout tumors while nanospheres and nanodisks were around only the tumor periphery. In a similar study, Wang et al. 101 found that nanohexapods exhibited even higher cellular uptake, and more importantly, lower cytotoxicity compared to nanorods and nanocages of similar sizes, suggesting that geometry may also be implicated in the potential toxicity of nanoparticles. It is critical to ensure that injected nanoparticles are stable and structurally sound, especially because they can be easily heated to extreme temperatures due to their high-effective absorptions. Recently, Goodman et al. 141 reported on the surprising in vivo instability of hollow gold nanoshells (HGNSs). Although their HGNS were observed to be completely stable under laser irradiation in solution, biodistribution studies suggested that the nanoshells were heavily fragmented in vivo, with the authors attributing the cause of the Fig. 4 ; more attention is paid to material and heat confinement a To our knowledge, or in our opinion.
Journal of Biomedical Optics 080901-7 August 2017 • Vol. 22 (8) instability to residual silver ions remaining after synthesis of the HGNS. The findings are in line with what other researchers have observed for AuNRs, which are known to fragment or shorten upon exposure to high laser power densities, although smaller particles were found to be more resistant to fragmentation due to coupling to the environment. 103, 142 Overall, these results are not unexpected, however, since systems often do not behave the same in aqueous dispersions as they do in vivo. 44 From these examples, we see that inorganic nanostructures still face many challenges before they can be translated into useful clinical therapies. 143 Organic PT agents have not fared much better, mostly for the same reasons of biodistribution, stability, and toxicity related to processing. 25 For example, the high aspect ratio of carbon nanotubes, reminiscent of the geometry of carcinogens such as asbestos, led to long-term residence in the lungs of mice studied. 144 Residual metallic impurities from nanotube synthesis and undesirable aggregation are also commonly attributed to toxicity of carbon nanostructures. 132 Various strategies have been employed to functionalize PT agents with passivating polymers. Most commonly, polyethylene glycol (PEG) is employed to impart a stealth-like character to these agents to reduce their toxicity. 145, 146 The attachment of targeting moieties to PT nanoparticle platforms for functional groups overexpressed in certain cancers may help improve the local accumulation of PT agents within the tumor to increase treatment specificity and hopefully their effectiveness, while also reducing their systemic toxicity (Table 1) . 147 Finally, the challenges of systemic delivery could be avoided altogether, if local routes of administration were developed and perfected. Conde et al. 5 recently reported on a well-characterized triple-combination PT, chemo, and gene therapy applied at the tumor location in the form of a hydrogel patch with or without tumor resection (Fig. 4) . In their prophylaxis study without preresection, a hydrogel patch loaded with gold nanoparticles and nanorods was implanted 15 days after tumor induction, with multiple PT treatment events starting on day 18. The remarkable part of this study was in its methodology. Instead of choosing traditional PTT methods involving a single exposure at a high power density, the authors opted for multiple treatment events of short durations (120 s) applied once per day over the span of several days. Although the authors did not discuss their reasoning for the short exposure times, these times corresponded well, and likely not by coincidence, to the thermal relaxation times we calculated in Sec. 2 for the corresponding tumor sizes in this study. This prophylactic triple combination treatment, which is especially relevant for nonresectable tumors, was able to achieve complete tumor remission, whereas the control group with tumor resection saw only 40% tumor recurrence. Furthermore, treatment following IT or systemic injection of the gold nanomaterials resulted in only 60% and 40% tumor reduction, respectively. This result is consistent with most of the existing studies comparing IT and IV modes of administration. 148, 149 Strategies such as this could help reduce the chance for systemic toxicity, although it would be important to ensure that the PT agents did not extravasate elsewhere. However, choosing known low-toxicity agents with well-documented excretion pathways can obviate some of these concerns. In this section, we saw that a significant amount of effort has been dedicated toward finding agents with high effective absorptions for PTT. However, the potential systemic toxicity of PT agents and their route of administration are factors that must also be carefully considered regardless of the effective absorption of the agent. In Sec. 2, we suggested that one possible way the parameters of light exposure could be optimized is to limit the heating to tumors, while sparing surrounding tissues. In this section, we saw a recent example of researchers already moving forward in that direction. In the next sections, we discuss in more detail, how nanomedicine [150] [151] [152] [153] has helped and may continue to help mitigate attenuation effects resulting from improperly introduced PT agents and address toxicity concerns. 154, 155 4 Nanomedicine Enabled Synergistic Photothermal Therapy Platforms PTT, as we have presented so far, involves light-induced heating to high temperatures with the assistance of strongly absorbing PT agents to ablate cancerous tissues. Apart from being used to directly ablate tumors cells, light induced heating is useful in many other processes related to cancer therapy, as well. In this section, we present some examples, in which PT agents are integrated with other cancer therapeutic or imaging modalities to garner multifunctional theranostic nanoparticle delivery platforms to enhance the outcome of cancer treatment.
Benefits of Mild Hyperthermia
Hyperthermia involves heating of biological tissues to physiologically irregular temperatures. While temperatures above 43°C are employed to ablate tissue, heating to milder temperatures could also prove to be beneficial in the context of cancer therapy. [156] [157] [158] One of the first responses by the body to local hyperthermia is enhanced blood flow to the region to dissipate heat. As mentioned in Sec. 1, the tortuous nature of the improperly formed blood vessels found in tumors creates a selective mechanism for heat build-up. This property, combined with the typically lower threshold of tumor cells to tolerate heat, naturally make tumors more susceptible to thermal damage. 20 Increased blood flow also contributes to amplifying the EPR effect to enhance the amount of material accumulating in the tumor, 159 such as circulating PT agents or chemotherapy drugs, perhaps all loaded into and delivered by a single nanoconstruct. Mild temperature elevations may also trigger subcellular events to render cells susceptible to damage through apoptosis. 23, 106, 158, 160 In addition, it may drive a shift toward anaerobic metabolism in cells, resulting in higher oxygen availability to the tissue environment to overcome the hypoxic conditions typically found in tumors that have limited the efficacy of oxygen-dependent cancer therapies. 127, 161 Unfortunately, one major undesirable heating-associated effect is the activation of immunological responses, including the upregulation of heat shock proteins (Hsp) 162 that lends itself to protect cancer cells from being damaged. 163, 164 In fact, studies have shown that the ability of cancers to upregulate Hsp production is well correlated with the aggressiveness of the cancer, 162 resulting in various gene therapy-based strategies to block Hsp production to improve cancer treatment outcomes. 113, 165 Nevertheless, by integrating PT capabilities into theranostic nanoparticle platforms, researchers could use the mild heating regime to initially amplify the efficacy of other treatment modalities, followed by controlled PT ablation at higher laser power densities, creating a two-pronged attack, to help to ensure tumor destruction.
Photothermally Triggered Payload Release
Controlled drug release is important in cancer chemotherapy because it enables potent chemotherapeutic drugs to kill the cancers while minimizing systematic toxicity. Many physical, chemical, and physiological signals have been explored to act as triggers for controlled release of chemotherapy drugs. As discussed previously, light is a unique trigger but is still limited by the availability of effective photochemical processes. In addition to synergistic enhancement of other therapies, heating, generated by PT agents with the irradiation of light, can expand the utility of light-controlled release to nonphotoresponsive systems. In general, various drug carriers such as liposomes, 166 polyelectrolyte capsules, polymeric nanoparticles, 75 and even blood-cell-mimicking capsules 167 all become less stable and more permeable upon heating, leading to the therapeutic cargo eluting from their interior. Moreover, the burst nature of heating-induced release can effectively enhance the efficacy of treatments such as chemotherapy in the appropriate environment. Following this concept, various studies using laser-triggered controlled release systems involving PT transducers and thermoresponsive systems or phase-changing materials as release substrate have been demonstrated. [168] [169] [170] In one example, Kim et al. reported an elegant system utilizing AuNSs for the photothermally triggered cargo release. They first load the cargo into liposomes and encapsulate the liposomes with a thin layer of the nanoshells. The integrity of the AuNSs make the liposome leakage-free under ambient conditions. Upon the exposure to NIR light, the AuNSs generated heating via the PT effect and deform in situ, triggering the release of cargo from the interior. 171 In a similar example, Zheng et al. 169 designed a synergistic chemo/PTT platform containing the common chemotherapy agent, doxorubicin (DOX), and ICG loaded into a lipid-polymer nanoparticle system (DINP). The authors showed that the DINPs were stable in the absence of light, but with a single, 8-min treatment of 808-nm laser at 1 W∕cm 2 , they were able to trigger the release of DOX and also heat the tumor to more than 50°C to ablate it. Compared to the all of the controls, the DINPs were the most effective and seemed to be the only system able to suspend tumor growth for up to 17 days. Although not applied to cancer, our own research group recently demonstrated the exciting potential for using selective PT heating of water nanodomains confined inside nonlight responsive polymer microparticles, as a means to induce payload release. 75 
Photothermally Enhanced Cellular Uptake
PT heating could also be leveraged to increase cellular uptake, as well. 172 It is known that many nanosized objects are uptaken by cells via receptor-mediated endocytosis, macropinocytosis, and other membrane-related processes. A number of studies have shown that the permeability of cell membrane can be significantly enhanced when the environmental temperature is increased to 43°C, resulting in the uptake of more therapeutic agents in the targeted regime. 173 Provided that most therapeutic agents require a minimum concentration to be effective, enhancing localized uptake to cells may potentially increase the utilization percentage of delivered therapeutic agents, while lowering the overall dose that needs to be administered. 44 Following this
Journal of Biomedical Optics 080901-9 August 2017 • Vol. 22 (8) concept, Sherlock et al. demonstrated that ultrasmall iron-cobalt (FeCo)-core-graphitic-carbon-shell nanoparticles loaded with the DOX exhibited accelerated cellular uptake upon NIR laser irradiation. 174 Particularly, the FeCo-graphitic-shell nanoparticles with a large absorption band can heat the targeted cells from 37°C to 43°C at laser power densities as low as 0.3 W∕cm 2 . The 6°C incremental temperature increase in the cell media induced a two-fold increase in the cellular uptake of the FeCo-graphitic-shell nanoparticles loaded with DOX. Similarly, Tian et al. 108 showed that the uptake of nanographene, which has proven to be an effective carrier for gene transfection without any other aids, can be enhanced three-fold with NIR exposure. The Lapotko group also demonstrated an intriguing pathway of applying the PT effect for enhanced drug delivery. They found that plasmonic noble metal nanoparticles exposed to short laser pulses could generate transient vapor bubbles which could adhere to cell membranes and disrupt them upon the burst of these bubbles. The authors demonstrated that the burst event can be used either as a trigger for drug release from the carrier or to enhance endosome escape of the engulfed drugs. 175 These strategies to enhance cell membrane permeability are promising and are likely to become more popular in translational nanomedicine research because many of the drug delivery vehicles could be engineered to have these capabilities.
Combination Phototherapies
Combinatorial therapies that integrate several therapeutic approaches together, such as the PTT/chemotherapy system described above, 174 have generally proven to be more effective than stand-alone techniques. 176 PDT is an oxygen-dependent light-based cancer therapy very similar to PTT, in which photosensitizer molecules transfer the energy of the absorbed photon to the surrounding molecular oxygen to locally generate toxic singlet oxygen molecules, instead of heat, resulting in local toxicity to effectively damage the structure and function of cancer cells. Like PTT, PDT has many of the same advantages of high specificity and low systemic toxicity compared to conventional chemotherapy. However, an inevitable drawback that has hindered the efficacy of PDT in tumor treatment is its requirement for oxygen. The hypoxic conditions found inside tumors are exacerbated by the depletion of the already limited oxygen supply from the oxygen-consuming reactions of PDT. It is also important to isolate PDT agents inside drug delivery vehicles because these highly sensitive species could become toxic with exposure to even ambient levels of light. 177 Nevertheless, due to the high level of similarity between PDT and PTT, it made sense to design systems with both modes of therapy integrated. Jang et al. demonstrated an interesting example by using AuNRs as both carrier and quencher for the PDT agent, aluminum phthalocyanine tetrasulfonate (AlPcS 4 ). AlPcS 4 was assembled onto the surface of AuNRs and quenched by the surface plasmon resonance. Therefore, they were nonphototoxic even when exposed to light of proper wavelengths. Only when the AuNRs were used to generate heat under laser irradiation were the photosensitizers released from the surface, thus becoming phototoxic. In a similar example, gold nanostars were surface functionalized with another PDT agent, chlorin e-6, to perform dual PDT/PTT. 98 In concept, PDT initially performs according to its design parameters due to the presence of oxygen, but as oxygen becomes depleted, PTT takes over as the predominant mode of tumor damage, and in combination, conspires to doubly damage the tumor.
Photothermal Therapy/Photoacoustic Imaging
Adding diagnostic functions to nanoparticle drug delivery systems can be useful for tracking their location, as well as help provide information and feedback regarding the therapy. Photoacoustic (PAc) imaging, a natural "derivative" of the PT effect, is likely the easiest to implement along with PTT because it utilizes the heat generated from laser irradiation to produce acoustic waves that can convey both the anatomic and functional information about the tissues probed. 178, 179 Huang et al. 180 reported a biodegradable gold nanovesicle composed of a simple design comprised of PEG-b-PCL tethered to AuNPs for PAc imaging and PTT, simultaneously, while under the irradiation of the same laser. More recently, Yong et al. 181 and Song et al. 182 reported using WS 2 quantum dots and two-dimensional Co 9 Se 8 nanosheets, respectively, as agents for both PTT and PAc imaging. These materials belong to a group of PT agents classified as metal chalcogenides, [183] [184] [185] [186] which exhibit broad absorption spectra, high extinction coefficients, and PT conversion efficiencies, as well as low cytotoxicity. 187 Moreover, these nanostructures can be easily functionalized to enable other popular imaging modalities, such as fluorescence imaging, magnetic resonance imaging, 188 and computed tomography, 181 without affecting the PT conversion process, thereby making them even more powerful as platforms for PT applications.
Progress and Future Perspectives

Case Study: Indocyanine Green Then and Now
Through the examples presented thus far, it is evident that PTT has progressed significantly since the idea of light-induced heating to kill cancer was first conceptualized. To provide some perspective, we present, to our knowledge, one of the earliest examples of PTT, or "chromophore-enhanced tumor destruction," as it was referred to in 1995 (Table 1) . 22 After having characterized their system in vitro, 189 Chen et al. subcutaneously injected 0.5% to 1% ICG in free dye form, into mammary fat-pad tumors of rats, exposed them to various laser power densities, and monitored the animals for up to 9 days. Several important conclusions were drawn from this study which reiterates many of the challenges for PTT presented thus far. First, the authors found that laser powers in the 3-to 5-W range worked unequivocally better than higher powers in the 10-to 15-W range, since the higher powers rapidly denatured and burned tissue, creating a carbonized tissue layer that effectively shielded NIR light from penetrating into tissue, suggesting that the parameters of light exposure must be carefully considered. Second, the authors conceded that the model showed efficacy, likely because IT administration of the dye into the capsule-like tumor allowed the chromophore to be sequestered long enough to allow for PT treatment, suggesting that encapsulation, delivery, and accumulation of PT agents, especially small molecule dyes like ICG, via alternate routes of administration, might be critical to the success of PTT. Finally, the authors found that although tumor destruction was apparent in their period of observation, a sufficient amount of tumor cells remained viable and was able to perpetuate the tumor growth in all of groups. A study extending out to 30 days revealed that at time of death, the laser-ICG treated tumors were still about half the size of tumors treated by lasers only. 190 This result suggested that PTT alone, at least as a single treatment, may not be sufficient in eradicating a tumor. Cancer has proven to be a complex and formidable challenge for medical
Journal of Biomedical Optics 080901-10 August 2017 • Vol. 22 (8) sciences. Multipronged strategies involving therapies such as PTT at specified times and parameters, following surgical interventions such as reduction of tumor bulk combined with other modalities such as chemo, radiation, immunotherapy, and stem cell targeting, are likely needed to improve treatment outcomes. In this review, we have highlighted significant advances in nanomedicine; over the past two decades, researchers in many fields have helped us understand and overcome many challenges. As an example, a simple yet elegant system, comprising ICG as the primary photosensitizer, was recently reported by Sheng et al. (Fig. 5) . 16 ICG, in addition to being applied for PTT, and by extension, PAc imaging, can also serve as a photosensitizer in PDT when exposed to low-power short-term laser exposures. 191, 192 The authors attached ICG to human serum albumin (HSA) using thiol chemistry, and the system subsequently self-assembled into a theranostic nanoparticle platform (HSA-ICG NP). 16 By formulating ICG into NPs, they were able to enhance its uptake into cancer cells in addition to improving the stability of the dye in terms of its rapid clearance and photobleaching, while also enabling fluorescence imaging. The authors intravenously injected the HAS-ICG-NPs and in terms of imaging, were able to track the NPs through dual PAc/fluorescence imaging. In terms of therapy, they were able to deliver the ICG-NPs, as well as achieve dual PDT/PTT, by applying an 808-nm laser continuously for 5 min at 0.8 W∕cm 2 . In the xenograft model, this combined therapy was able to completely destroy the tumor and ensure the survival of all the animals in the study group, out to 50 days, while only stunted tumor growth was observed in all of the control groups (particles alone, laser alone, or interval exposure), with no animals surviving beyond 25 days. Interestingly, when the same study was carried out in an orthotopic tumor model with the same type of cancer (4T1 breast carcinoma), interval exposure was able to prolong the survival of the animals an additional 10 days, out to 35 days, while other control groups of particles alone or laser alone performed about the same as the xenograft study, demonstrating at least some degree of effectiveness akin to SPT with interval exposure. The reduced effectiveness for the interval group compared to the continuous exposure group could be attributed to the long rest times between exposure events (1 min exposures with 5 min rest intervals) in the interval exposure group. Overall, compared to the work by Chen et al., this work involved only a single photosensitizing agent, and it was still able to accomplish tumor destruction through dual therapy and also provide diagnostic information by tracking the injected nanoparticles.
Concluding Remarks
The development of various engineered NIR-light-absorbing nanoscale agents will continue to attract attention in the field of cancer therapy and beyond. In this review, we presented many examples of how PTT has incrementally evolved over the years. The idea of applying the PT effect to treat cancer arguably arose from the desire to expand upon the therapeutic benefits of mild hyperthermia therapy. As vast libraries of powerful PT agents were developed, PTT research deviated from mild hyperthermia therapy and evolved into ablation therapy, where high laser powers were used to heat up these highly efficient agents to uncontrollably damage tissue. However, as researchers began to understand the implications of uncontrolled heating, attention began to shift toward carefully controlling the light-exposure to achieve more defined thermal damage. There was also a shift back toward applying the PT effect to achieve mild hyperthermia to synergistically bolster other treatment modalities in cancer therapy. Although our review is far from being exhaustive, present efforts support this claim and indicate continued development and refinement of some of the more complex theranostic PT platforms incorporating PT agents of all types for use in multiple imaging and therapeutic applications. The addition of targeting capabilities to improve accumulation of nanoparticle therapeutic platforms within tissues of interest, as well as selective heat confinement through controlled light exposure, are strategies vital to expanding the ability of this platform to assist preclinical and clinical research. The field of nanomedicine has helped tremendously on the materialconfinement front. Looking forward, careful manipulation of the parameters of light exposure, perhaps through concepts borrowed from SPT theory, could push a shift in paradigm in this field that may one day lead to truly selective heating of tumors, which if achieved, would bring PTT one step closer to becoming a vital prong in the clinical cancer therapy approach.
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